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Lubricatingandantifoamingadditivesinaircraftltiricatingoils
mayhpedetheescapeof smallbubblesfromtheoilby formingshells
ofliqtidwitha quasi-solidor gelstructurearoundthebubbles.

Theratesofriseof smallairbubbles,up to 2 millimetersin
dismeter,weremeasuredatroomtemperatureinanundopedoil,inthe
sameoilcontainingfosminhibitors,andinan oilcontaininglubricating
additives.Theapparentdiameterof theairbubbleswasmeasuredvisu-
allythroughan ocularmicrometeron a travelingtelescope.

ThebubblesintheundopedoilobeyedStokes’Law,therateof
risebeingproportionaltothesquareof theapparentdismeterand
inverse~proportionalto theviscosityoftheoil.

Thebubblesintheoilscontaininglubricatingadditivesor foam
inhibitorsrosemoreslowlythantheratepredictedby Stokes’Lawfrom
theapparentdiameter,andtherateofrisedecreasedasthelengthof
paththebubblestraveledincreased.

Amethodisderivedto calculatethethicknessoftheliquidshell
whichwouldhavetomovewiththebubblesinthedopedoilsto account
fortheabnormallyslowvelocity.Themaxtiumthiclmessof thisshell,
calculatedfromthevelocitiesobserved,wasequalto thebubbleradius.

INTRODK!TION

TheadditionofIbwCorningFluidandcertainotherfoaminhibitors
toaircraftlubricatingoilwasobservedto increasethestabilityof
a residueof “emulsified”airinan oil,whichwasbeingrapMly
circulatedandcontinuouslyaerated(reference1). Inthereference
cited,experimentaredescribe-dshowingthat,whiletheescapeof
mostof the“emulsified”airintheoilwasfacilitatedby thepresence
offosninhibitors,by themechanismofbubblecoalescence,and,while
a foamheadwasnearlyeliminated,a residuerepresentinga small
percentageoftheoriginalaerationwasactuallystabilizedintheoil
asan ‘airemulsion”andasa collaron thesurfaceof theoil. Itwas

.
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supposedthattheairbubblesinthestabilized“airemulsion”were
protectedfromcoalescenceby a completefilmofthefoaminhibitor
spreadupontheirinnersurface.Inthesameseriesofexperiments,
itwasobservedthatan oilcontaininglubricati~pidditiveslikewise
stabilized‘emulsifiedair.”

Itwasthepurposeoftheexperimentsdescribedinthisreport
to expose themechanismbywhichtheadditivesinthelubricatingoil
stabilizedtheemulsifiedairincorporatedintotheoilcirculated
througha high-speedgearyump. By measuringthevelocityofrise
ofairbubblesina columnofquiescentoil,withandwithoutadditives,
thepresenceor absenceof thicklayersofliquidonthebubblesurface
andmovingwiththebubblescouldbe ascertained.Thepresenceof such
thicklayersofliquidmovingwiththebubblesinoilscontaining
additivesisdemonstratedintheexperimentsdescribedinthisreport,
andtheirabsencedemonstratedinanundopedoil.

Thisworkwasconductedat StanfordUniversityunderthesponsor-
shipandwiththefinancialassistanceo&theNationalAdvisoryCommittee
f6rAeronautics.

SYMBOLS

v velocityoffallof sphericalbodyinviscous

( )

2ga2(d1- d2)
medium V =

97
? centimeterspersecond

g accelerationofgravity(980cm/sec/secor dynes/g)

a radiusof sphericalbody,centimeters

dl densityof’sphericalbody,gramEpercubiccentimeter

d2 densityofmedium,gramspercubiccentimeter

n absoluteviscosi~ofmedium,poises

do densi~ofoil(0.$lg/ccat 25°C)

da densityof air(0.0012$1g/ccat 25°C)

%0 effectivedensityofairbubblesurroundedby a rigidshell
of oil

w

●
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ra~ Da

ra’,Da’

rao,Dm

v~

Vo

vao=Va+vo

v

3

radiusanddiameter,respectively,ofairbubble,
measuredoptically

radiusanddiameter,respectively,of airbubble,
calculatedfromStokestLawfromitsobserved
velocityof rise

radiusanddiameter,respectively,ofrigidshell.of
oilsurroundingairbubble

volumeofairbubble
(Va=$m$ “

volumeofrigidoilshellaroundairbubble

kinematicviscosityof liquidmediumor oil (V= ~/d2
orv= @o)9 s~okes

THEORY

Therateof fall
homogeneousmediumis
ofthesphericalbody

OFRISEOFAIRBUBBLESTHROUGHOIL

ofa sphericalbodythrougha viscousand
relatedby Stokes’Lawto theradiusanddensi~
andto theviscosi~anddensityofthemedium.

Stokes’Lawisexpressedby theformula

2ga2(d1- d2)
v=

97

Applyingtheformulato theriseofairbubblesthroughlubricating
oil,theconstantsof theformulamaybe evaluated:dl becomesdaj d2
becomes~, and a becomesrat. Since ~ >> & ~ - ~ is equal
to -~, withan errorofaboutO.lpercent.Sincetheequationwas
derivedforfallingbodies,theveloci~of risingbodiesisnegative.
me differenceindensitiesisslsonegative;henceallquantitiesin
thecomputationarereckonedaspositive.Solvingtheequation,

(ra’)2=9qV/2gdo. Since q/d. isequalto v, thekinematicviscosity-

of theoil (rat)*= 9W/2g;
its radius,(Da’)2 ~ ~8vv/g

?

a

and,substitutingthebubbledismeterfor

= 0.01836vv.

.
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Theobservedriseof theairbubblesappeared”%followStokes’Law,
inthatthevariationofthevelocityofrisewasnearlylinearwiththe “.
squareof theobserveddiameter,as isdaonstratedby thedataofWMs
report.However,indopedoils,thebubblesroseabnormallyslowly.
Thisisexplainedbyas&uniingthattheairbubbleisaccompaniedbya
shellof%il (oradditive,orboth)whichrisesthroughtheoilwith
thebubble.Theresistancetopassageofthebubbleis increasedby
thepresenceof theshell,withno compensatingincreaseintheoil
displacement.

Consideranairbubblerisingthroughoilandcarryingwithita
rigidshellofoil. It isdesiredto calculatetheradiusofthis
shell.Theeffectivedensityofthebubblewithitsshell-isthen

dao=
Va~ + Vodo

Vao

or

Consideringthebubbleas trulyspherical(i.e.,undistortedbythe
velocitypressureagainstItsfront),

43Va = - ma
3

and

‘ao
43= - firao
3

4- (‘o=Zjn‘ao )3 - ra3

Theeffectivedensitybecomes,on substitutionof thesevalues,

‘a3da+(ra03-ra3)do ‘
dao=~ 3“

. (da-&f_+%
r~ rao
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The a inStokesfLawisnow rao, dl becomes%, and d2
becomes~o; hence,

~ = *rao2(& - %0)
9V

Substitutingtheexpressionfor dao derivedaboveandsimplifying
algebraicallygives

solving,

rao. *(% - &)ra3
gqv

As notedbefore,thedifferenceindensities~ - ~ m~ be considered
equalto & withsufficientaccuracy,andthekinematicviscosityv
maythenbesubstitutedfor q/~. Thesesubstitutionsgive

rao ~ra3=—
9VV

Itwillbe notedthatthisequationcontainstheexpression~ which9VV
isthereciprocalofthequanti@alreadyequatedto (ra’)2. The
resultmsyfinallybe expressedintheform

3
‘ao =-

Statingthisresultinwords,ithasbeenshownthattheradiusof
therigidshellof oilcsrriedalongby theairbubbleisequalto the
cubeof theactualradiusoftheairbubble,dividedby thesquareof
theradiuscalculatedfromtheobservedveloci@of rise,substituted
UncritiCdlYintoStokes’Law.
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hardlyneedstobepointedout%hatthesamerelationistrue
diameters,tha&is,

Da3
QLo’=m

A convenientmethodofanalyzingtheexperimentalresultsissuggested;
theratioofthesquaresofthedismeters

~2

(Da’)2

observedandcalculated

isthefactorbywhichtheobserveddiametershouldbemultipliedto
obtaintheoutsidediameteroftherigidshellofliquidcarriedby
theairbubble.Theproportionof thisshellisthusindicatedfor
anysizeofbubble.As derivedon a preceM”ngpage,thecalculated
dismeterofa bubble,ina givenoilof Icnom
a factortimestheobservedvelocityofrise.

APPARATUS

viscosi~jisequalto

Theoilwascontainedina 100-millilitergraduatedcylinder.
Themarkingson thesideofthecylinder,at10-mil.liliteT’intervals,
wereusedasreferencelinesto indicateverticaldistance.Inthe
firstseriesofexperiments,thecylinderstoo~intheopenlaboratory,
butmoreuniformtemperaturewasobtainedinlaterexperimentsby
standingitina largereservoirofwater.

Thetemperatureof theoilwasmea&redby a thermometer,

10 C,whichwasinmersedintheoilinthecylinder.graduatedin=

Intheseriesof experimentswiththecylinderstandinginair,the
bubbleswerettiedbetweenthegraduations@tabove andbelowthe
thermometerbulb,inan efforttominimizetheeffectoftemperature
gradientsintheoil. Becauseof thenecessityforstrongillumination,
theoilabsorbedradiantenergyanditstemperaturewasgenerally
somewhat--abovethetemperatureof thesurroundingair. Withthecylinder
immersedinwater,thetempel?aturechangedveryslowly,andtheentire
visiblelengthofthecylinderwasused.

Thereservoirusedtojacketthecylinderinthelaterexperiments
wasmadeof-sheetmetal,itsbottombeingabout18by 24inchesin
dimensions.Itwasfilledwithwateruntilthelevelstoodabout1 inch

.

.
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belowthetopofthegraduatedcylinderstandinginside.Glasswindows
weresetwithgasketsinthelongsidesofthereservoir,permitting
illuminationfromoneside,andobservationfromtheother.Thewindows
wereaboutk incheswideby 6 inchestall,ofplateglass.Blackpaper
waspastedon thefrontwindow,exceptfora verticalstripinthe
center,permittingthecylindertobe viewedbutshieldingtheeyesfrom
excesslight.

--.-

Illuminationwasprovidedby an ordinary100-wattMup placednext ‘-
tothebackwindowofthereservoir. -.

Bubblediszueterwasmeasuredby visualcomparisonof thebubble
@e magnifiedabout10timesby a travelingtelescopewiththelines
ofan ocularmicrometernetinthetelescope.Thetelescopewasalso
usedtomeasuretheverticaldistancebetweenthegraduationsonthe
cylinder.Theocularnetwascalibratedbycomparisonwitha stage
micrometerslide.

Bubbleswereformedina capillarytube,witha U-turnon theend,
whichwasinsertedtothebottomof thecylinder.A smallsyringepipette ___.
wasconnectedwithrubbertubingto theupperendofthecapillsry,and
bubbleswereejectedfromthetipof theU-tube,undertheoil,by

● pushingintheplunger.Thecapillarywasclampedinplace,asthe
positionofthejetwascritical.Thejetcouldnotbe farfromthe
wallof thecylinder,becausetheoutlinesof thebubbleswouldnot
be sharp,anditcouldnotbe tooclosetothewall,becausethewell
wouldinterferewiththefreeriseof thebubbles.Forconvenience,
thejetwassetatthe10-millilitergraduationofthecylinder.

‘E3STPROCEDURE

Thecylinderwasfilledwithoil,to the100-millilitermark. The
capillarytubewithsyringepipetteattachedwasinsertedintotheoil
andclampedinplace,thetopof thesetbeingsetevenwiththe
10-mil.lilitergraduationon thecylinder.Thecylinderwasalinedin
frontoftheobservationwindowofthereservoir,inthoseexperiments
wherethecylinderwasjacketed.Thethermometerwasinsertedinto
theoil,andclampedinplacewiththebulbjustbelowthemiddleof
thegraduatedportionof thecylinder.

Bubbleswereformedby pushingintheplungerinthesyringe
pipette.Oilbackedup intothecapilla~,cuttingoffsmall“slugs”
ofair. Thesizeof thebubblecouldbe esthatedbythelengthof
thesluginthecapillarytube,andbymanipulationbubblesofany
approxhatediameterdesiredcouldbe e~ected.
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Twostopwatcheswereusedinthoseexperimentswheretherateof
riseofthebubblewasmeasuredoverdifferentintervalsof itswhole
journeythroughtheoil. Onewatchwasstartedwhenthebubblecrossed
the20-millilitergraduation;whenthebubblecrossedthe30-milliliter
graduation,thefirstwatchwasstoppedandthesecondwatchsimult-
aneouslystarted.Thetimeindicatedby thefirst-watchwasimmediately
recordedandthewatchhandreturnedto thestartingposition,readyto
be startedagainattheinstant.thebubblecrossedthe~-milliliter
graduation.Theprocesswascontinueduntilthebubblereachedthe
80-millilitergraduation,atwhichpoint-it.cametotheendofthe
windowinthereservoirandwentoutof’sight.

.

In theearlyexpertierits,thebubblewastimedonlyinthecentral
portionof itstravel,betweenthe30-and60-miIIfiitergraduations,
inthecenterofwhichthethermometerbulbwasplaced.Inthetables
Of data,itisobviouswhichmethod-wasused. Sometimes,withvery
smallbubbles,thet~ requiredforthebubbletocrossthefield
ofthetelescope(0.19cm}wasmeasuredratherthanthetimebetween
*O graduations.

Whenevertimepermitted,thetelescopewasfocussedontherising
.

bubble,andthedismeternotedagainsttheocularmicrometernet. In
tk caseoflargebubbles,thiswaspossibleonlyonceortwiceduring
theirrise,andrequiredveryrapidmanipulation.Withsmallbubbles,

v

therewasampletimefortheobservation,andthediameterwasmeasured -
betweeneach-pairofgraduations.

Thethermometerwasreadbeforeandaftertherise
whenthecylinderwasnotjacketed,andlessfrequently
wasimmersedinthereservoirofwater.

ofeachbubble,
whenthecylinder

PRECISION

Theover-allprecisionofthemeasurementscannotbe evaluated
exceptintermsofa statisticalstudy,whichisneitherJustifiednor
possiblewiththepresentdata.However,certainofithevariables
maywellbe consideredseparately.

Thediameterofthebubbleswasmeasuredby estimationofthe
sizeof thetiageagainsta calibratedoculxcrnet@crometer.Each
squareof thenetcorrespondsto0.0190centimeterof objectsize..
Thediameterswereestimatedtoone-tenthofa square,withanestimated
precisionofaboutplusorminusone-tenthof a square.An errorof
*0.002centimeterisindicated,whichislessthan~ percent-of the r

smallestbubblemeasured.

t
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Theothererrorsinbubblemeasurementarenoteasilyevaluated.
Thecurvedwallofthegraduatedcylinderisa lens,magni~ingthe
horizontaldiameteroftheairbubbles.Themagnificationwasmore
pronouncedwhenthecylinderwasinairthaninwater, becausethe -
refractiveindexofwaterisclosertothatoftheglassthanis
thatof theair. Consequently,bubblesap~aredlargerthanthey
actusllywerewhenthecylinderwasinair,andtheobservedrate
ofriseappearedcorrespondinglyslow. !lhisisthemostobvious
explanationforthehighervsluesof theradiusoftheoilshell
calculatedfromthedataobtainedwiththecylinderinair. The
distsmceofthebubblefromthewallalsochangedthedegreeof “
magnification,soeventherelativevaluesina serieswouldnotbe
quitecorrectifthebubblesdeviatedintheirpaths.Likewise
bubblesrisingthrougha liquidarenottrulyspherical.

Thetimingofthebubbleswitha stopwatchwaspreciseto
aboutti.2second.Theshortestttiesmeasuredwereabout20 seconds;
hencethems.ximumerrorfromthissourcewas1 percent.An esttmte
oftheaverageerrorwouldbe about0.4percent.Hereagain,however,
thegreatesterrorisnotinthemeasurementitself.Therewere
convectioncurrentsintheoil,as notedfromthemovementsofthe
emulsiondropletsintheoilscontainingfoaminhibitors.Withthe
cylinderimmersed,thesecurrentswereonlyrarelyobservable,but
thebubblesthemselvesmust.causesomeconvection.Thetemperature“
oftheoilchangedat therateof about0.20°C perhourevenwith
thecylinderimmersed,apparentlymost= becauseof absorbedradiation,
despite9 inchesofwaterbetweentheoilcolumnandthelightsource.

Theimportanceoftherelativeviscositiesof thedifferentoils
usedisapparentfromtheequationsusedinthecalculations:the
velocitiof risevariesinverselyastheviscosi~,andtheviscosity
changesroughly8 percentperdegreeoftemperaturechange.The
viscositiesusedinthecalculationsweremeasuredwitha MacMichael
viscostieter,andthetemperature-viscositycurvesplotted.To
establishtherelativeviscositiesmoreprecisely,thevalueswere
redeterminedusingan Ostwald-~ecapill~ viscosimeterimmersed
ina waterbathat 25.00°C. Theviscopimeterwascalibratedagainst
theviscosityof a NationalBureauofStandardsreferenceoil. The
deviationofviscositiesmeasuredinthiswsywaslessthan0.5per-
cent. Theresultsareshowninthefollowingtable:
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Viscosityby Viscosityused
Ostwald-type incalculations

oil viscosimeter

TimeMeasuredRelativeMeasured
(see)(stoke) (stoke)Relative

NationalBureauofStandards251.010.06 ---- 8.40 1.00
referencestandardoil

Aeroshell120 224.5 9.00 1.00 8.40 1..00

Aeroshell120containing 224.0 8.98 1.00 8.40 1.00
0.1percentIbwCorning
Fluid&pe 200

Aeroshell120containing 234.5 9.40 1.05 8.40 1.00
0.075percentglycerol
and0.025percent
AerosolOT

RPMAviation120 271.1 10.87 1.21 10.40 1.24

ThedifferenceinrelativeviscositiesasmeasuredandasusedIn
the calculationsis seentobe 5 percentmaximum.Thisisnotsignificant
inaffectingtheinterpretationgiventothedata.

Thebestestimateof theover-allprecisionof’thedataisobtained
fromanalysisof’thevalues fortheratioof thesquaresofthediameters
ofbubbles,observedandcalculatedasyresentedinthetables.Sucha
discussionappearsina latersection.

RESULTSANDDISCUSSION

.-

“

.

if

ThedatasrepresentedcompletelyintablesI toVII. Tables1,
11,111,andIVpresentthemeasurementsmadeb-noils-ina graduated
cylinderstandinginair,and.tablesV, VI,aridVIIpresentithe
measurementsmadewiththegraduatedcylinderimmersedina large
waterreservoir.

Themostsignificantfigures inthesetablesarecontainedinthe
columnat theextremeright.E&k ratiorepresent~thecomparisonof
thesquaresoftheobservedbubhlediameterswiththesquaresofthe
calculatedbubbledismeters,whichmayalsobe interpretedas theratio
oftheexpectedtotheactualvelocityo~rise,or theratioof the

.
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outsidediameterof a shellofrigidoilcarriedby thebubbleto the
diameterof thebubbleitself.Providedtheabsolutevaluesof all
constantsusedareexactandthe”measurementsaccurate,thisratio
mustbe unityunlessthereis somedifferencebetweenthebubblein
actualityandtheconceptof a snmothspheremovingthrougha Newtonian
liquid.‘Averagevalues;theaveragedeviationfromaverage,andthe
numberof values(giveninparentheses)tskenfromthetables,forthe
fouroilsmeasured,compareas follows:

COMPARISONOFAVERAGEDVALUESOF ~
(Da’)2

oil Cylinderinair
Cylinderimmersed

inwater

~eroshell120 1.@i-o.18 (10) 0.879* o.o33(45)

~eroshellcontaining 2.o8t 0.23(16) ------------------
0.075percentglyceroland
0.025percentAerosolOT

!eroshellcontaining 1.70*0.11 (22) 1.35*0.15 (24)
0.1percentDowCorning
Fluidme 200

LPMAviation120 1.28*0.16 (18) 1.02i 0.07(17)

Theimmediatelyapparentresultisthattheratiosaredifferent
forthefouroils. Theaveragedeviationsfromtheaveragevalues
givesomeideaof thehomogeneityof thedatafromwhichtheaverages
wereobtained.It isassumedth6.tthevalueforAeroshell120represents
unity,onthebasisoftheveryhomogeneousdatashownintableVI.

ThequestionofwhetherRPMAviation120showsanyanom& inthe
rateof riseof itsbubblesrequirescarefulanalysisto answer.Only
thedataobtainedwiththecylinderimmersedsrehomogeneousenough
forthispurpose.Theinversionof theratiosforRPMAviation120
andAeroshell120withthecylinderinairisaccountedforby therange
ofvariabilityof eachsetof data. It isapparentthatthedegreeof
anomalyis small;theapparentseparationoftheratiosforAeroshell120
andRPMAviationlXlis14percent,butthetotalaveragedeviationfrom
averageis10percent.Furthermore,aspointedoutinthepreceding
sectiononprecision,thereisa 3-percenterrorinrelativeviscosity,
inthedirectiontobringtheratiosclosertogether.However,a net
differencestillexists.ThisisconfirmedlythedataoftableV(b),
whichhavenotbeenusedinthepreviouscalculations.
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‘ThedataoftableV(b)indicatethatthevelocityof thebubbles
risinginRPMAviationbecameslowerandslowerastheyrose. The w
ratioovereventhefirstrim.ge,fromgrad~tion20to30 isgreater
thanthatforAeroshell120,confirmingthecanclusi.onof thepreceding
paragraph.It-willbeseenintableV(b)t~t, up untilgraduation50,
theratiosof thesquareddismeterssrein thessmerangeas in
tableV(a),inwhichallof thebubbleswere-timedintheregion
belowgraduation50. Thetwotablesmaythusbe regardedasconfirma-
toryinsofaras thedataoverlap.

Thedecreaseinvelocityintheupperpartofthebubblepathmsy
be duetoeitherof twocauses.Thefirstis a walleffect.As the
bubblesriseclosetoa wall,theytendtomovecloserto thewall,
byBernoulli’stheorem.Oneseriesofmeasurements(not’~ted)
onAeroshel.1120alsoshowedthiseffect,althoughnotnearlyso
pronouncedly,whichwaseliminatedbymovingtheJet–slightlyfarther
awayfromthewallof thecylinder.ThereporteddataonAeroshell120,
tableVI,showthiseffectcompletelymissing.

Thesecondcauseisthattheadsorbedmat%rial-onthebubble,and
hencethedismeterof theshellmovingwiththebubble,mayincreaseas
thebubbletravels. ‘l’his isa veryreasonablesupposition,sinceit
haspreviouslybeen shownthatsomeof the–additivematerialin
RYMAvfationmaybe removedbycollectingiton airbubblesrising
througha columnof theoil,andsegregatingthefrothwhichthe
bubblesform.As a bubblecollectsadsorbedmaterial,theareaswept
outwouldincreaseandmorematerial.wouldbe accumulated,at an
exponentialrate. TheverysharpupswingintheratioofWhe squared
diametersintableV(b)isratiotionthissupposition.Thediameter
oftheshellofmaterialmovingwiththebubbleapparentlymaybe
doublethediameteroftheairbubble.Theargumentforthesecond
causeisstrengthenedby thedemonstrationofthesameeffectin
tableVII,forAeroshellcontainingWw CorningFluidType200.

Theresultwhichhasbeendemonstratedqualitativelyisthat
airbubblesrisingthroughtheseoilswhichcontainvariousadditives
accumulatetheadditiveson theirsurfacesingreateffectivethickness,
therebyimpedingtheirrateofrisethroughtheoil. Theorderinwhich
theadditivesaccumulateon.thesurfaceofairbubblesisglycerol-
Aerosol-OT,”most;IbwCorningFluidType200,slightlyless;andthe
lubricatingadditivesinRPMAviation120,least.Thisorderis
tentative,inasmuchasthereis a rateof adsorptioninvolvedaswell
asthemagnitude.Also,thisorderisbasedon theapparentdiameter
oftheshellmovingwiththeairbubble,ratherthanon eitherweight--
o~volumeoftheadditiveitself.
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Thephenomenonisof greatinteresttheoretical~as regardsthe
structureofliquids.Theantifoamadditivesadda shelltotheair
bubbleswhichcanhavea diameterhalfagainasgreatas theair
bubbleitself.T!uismustmeanthata gel-likestructure,possiblya
plasticsolid,extendsfromtheairinterfacefarintotheoil. The
greatextentof thisstructure(greatintermsofmolecularsize)may
be largelydueto thenmtionofthebubbles.Similar~erimentson
theadsorptionof solutes,especiallycolloids,inaqueoussolutions
showthattheconcentrationadsorbedon thesurfaceofmovingbubbles
maybe fromtwicetomanytimestheconcentrationadsorbedon a plane
quietsurfaceatequilibrium(references2 and3).

Thewhollyorpatiiall.yimmobilizedliquidmsycontainchainsof
orientedmoleculesofadditiveextendingoutwardfroma primary
adsorbetilayeronthesurfaceofthebubble,as suggestedindependently
by McBainandDavies(reference2)andbyHardy(reference4) in1927.
Thismaywellbesupplementedbycybotacticarrangementofthehyi&o-
carbonmoleculesinthesaneregion.Thepracticalsignificanceof the
observationsisthatthereluctanceto separateof finelyemulsified
airinlubricatingoilscontainingadditives,observedina mock-up
system,hasbeenaccountedfor.

CONCLUDINGREMARKS

Bubblesof airrisingat roomtemperaturethroughAeroshell120,
anundopedlubricatingoil,obeyStokes’Law;thatis,theyriseas
thoughtheywerespheresof a dismeterequalto their~psxentdiameter,
ata rateproportionalto thedifferenceindensitiesoftheairand
oilandinverselyproportionalto theviscosityoftheoil.

Bubblesof airrisingatroomtemperaturethrougha dopedoil,
RPMAviation(nota militaryaircrsftlubricant),riseslightlynmre
slowlythanpredictedby StokestLaw. Similarly,bubblesrising
throughAeroshell120containingeither0.1percentDowCorning
Fluidme 200or 0.07’5percentglyceroland0.025percentAerosolOT

. ..

riseat a rateconsiderablyslowerthanthatpredictedby StokestLaw.
As theageofthebubbleincreases,itsrateof risedecreases.

Theseobservationsareinterpretedas signifyingthatinthe
undopedoil(Aeroshell120)thereisno structureintheliquidshell
surroundingthebubble.In theoilscontaininglubricatingadditives
(RPMAviation120)or foaminhibitors(Aeroshellwiththeinhibitors
namedabove),thereisa thickshellofmaterialsurroundingthebubble
whichmoveswiththebubble,impedingitspassagethroughtheoil. The
maximumthicknessofthisshelliscalculatedassumingStokes’Law,and
foundtobe of thessmeorderastheradiusoftheairbubbleitself.
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Theshellsurroundingairbubblesis~identlyduetothe
additivesintheoil,andno&duetotheoilalone.Adsorptionof
largemagnitudeapparentlytakesplace.,T&.motionof thebubbles
throughtheoilprobablyincreasestheamountoftheadsorption.
Intherangestutied,theshellthicknessaroundlargebubblesi~
aboutthesameproportionofthebubblediameterasthataroundsmall
bubbles.Theseobservationsexplaint& persj.stentturbiditydueto
emulsifiedairinoilscontainingcertainadditives.

StanfordUniversity
StanfordUniversity,Calif.,July26,1943

u
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TABLEI.-RISE OF AIR BUBBLES!EROWH AEROSHEI.L120

Ratioof
Calculated

Observed
sqwed

Distancew Velocity,
w

eratureVIBCOBL*,Velocity diameter diameters,
(cm) (see) v diameter, .%) v at230c squared,

I)a
(Da’)2 Q&

(Da’)2

5.7
3,8
1,9

3.8
3.8
3,8

1.9
1.9
1.9

1.9

25.6
31.0
16.0

41.2
35.6
43.6

62.2
59.0
80.0

10.0

0.223
.1226
.1188

.0923

.107

.ca87

.0305

.0322

.0238

.0173

0.170
.1512
.1420

.142

.1322

.1322

.0850

.0756

.0718

. 054i3

CylinderinaY.r

28.2
28.2
2’7.9

25.3
27.8
27.8

28.4
27.7
27.2

27.0

7.00
7.00
7.12

8.15
7.15
7.15

6.90
7.2s)
7.40

7.47

0.186
.102
.101

:C@:

.0741

.0251

.0276

.021.0

.0154

286x 10-4
230
156

138
140
114

38.6
42.5
32.4

23.8

1.01
1.47
1.29

1.44
1.25
1.53

1.87
1.34
1.60

1.26

P
m

● ✌ . . ,
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TABLEII.- RISE OF AIR BURBLESTBItOUGRAERCSHEIL120 CONTKDWNG

0.075PE~Em GLYCEROLAND 0.025PERCENTAEROSOLOT

Ratioof
Calculatedsquared

Distancem Velocl@, O’bserved-~rat~e viscoBi@,Velocity tiameter dlameterO,
(cm) (aec) v diyate% (Oc) v at29 C sqwwed,

(Da’)2 w
(Da’)2

Cylinderinair

3.8 18.7 0.203 0.232 26.1 7.86 0.190 293x 10-4 1.84
3.8 23.2 .164“ .189 27.6 7.23 .141 21.8 1.64
3.8 38.0 .100 .185 26.0 7.90 .0942 145 2.36
3.8 34.2 .161 27.6 7.23 147

%3
.0955 1.7’7

1.9 .31.0 .142 27,5 7.27 .0535 82.5 2.45
3.8 68.0 .0559 .132 27.1 7.43 .0494 76.0 ‘ 2.30
3.8 71.1 .0534 .127 26.3 .0494 76.0 2.13
3.8 72.3 .0526 .127 27.0 ;:G .0469 72.3 2.24
1.9 27.2 .0698 .123 27.0 7.47 .0621 95.7 1.59
1.9 51.3 ‘ .0371. .117 25.9 7.95 .0351 54.0 2.54
1.9 40.2 .0472 .113 27.8 7.15 .0402 62.0 2.06
3.8 lzq’.o .0299 .100 26.3 7.77 .0277 42.6 2.34

3.8 133.2 .0285 .0906 26.5 7.68 .0260 40.0 2.03
3.8 133.8 .0284 .0850 26.7 7.60 .0257 39.8 1.81
1.9 114.o .0167 .0700 26.0 7.90 .0157 24.2 2.02

1.9 123.o .0154 .06al 25.9 7.95 .014.6 22.5 2.06

AV. 2.08



.

I
mstmce l!me
(m) (Be.)

3.8
3.8
3.8

3.8

:::

E
5.7

3.8
3.8
3.8

?:
3.8

3.8
3.8
3.8

1.9
1.9
L9

.19

●

g!;
47,4

Iii

5s.6

Z::

62.4
60.6
64.0

rk.>
81.7
90.0

93.0

G’:t’

J%:
am-o

27.3

TAME III.- RIBEOF AIRBUBBIESmRoOz3AKRmmLL lm COH7!AIUIRC

o.lmmEFl?KJWcomrlWmAD!lYm m

I Ratio of

Ohs-d
Calculated j Sqwrl

Velocl&, Temperature viecosi~, VelOci* 8iemei%z

v diakfhr,
diamaezs,

k
f’c) v at 2s0 c SW==,

(%’)2 I!.&
(q; 2

‘:3%

%$
.09

:&w
..0683

:W

.@?

.0-

.mk

.@lo”

.ob65

.*

:%
.O@l

.0240

‘:%

.@

0.3512
.147k
.1417

.1323

.1322

.13Z2

.L23

.KM

.12JJJ

:3
.ca13

.0-(02

.Om

.045+

.0454

Cy3inderin air

26.9
W.3
26.9

25.9

i%

26.9

2:;

26.7
05.9
ti.g

26.9
27.0
E6.8

26.9
2?’.0
23.3

z:;
2!5.6

6.6

;: 3’
7.5Q

7.!D
7.40
6.53

6.63
7.YJ
7.65

7.65

0.I.02
.0770
.WJ+9

.071.6

.0705

.@6

.Osl.o

.o~

.@

3
%&

.d@5

.414

.03i7

.036>

.039

.0252

.@

.0C955

.0%7

.c051.6

157x l.o-~
-W
105

83.7
76.3
81.6

R:;
3-0.3

9.5

1.46
1.83
1.91

1.60

::2

3..61
l.n
1.57

1.6$
1-69
1.57

1.n
1.63
1.67

1.%
1.X
1.70

1.68
1.9
2.00

2.3,6

Av. l.m



c. I

Olwtxmce
(cm)

3.8
3.8
3.8

3.8
3.8
3.8

1.9
1.9
3.8

‘3.8
1.9
3.8

3.8
3.8

.19

1.9

lL-

, .

TABLE IV.- BISE OF AIR BUBKLJIS T!3ROUGHKPM AVTATION 120

Calculated

TIJlle ‘baemdTqm&mre viscosity, Veloci-&y :~:d:Velo;lti> dimter,
(see) v at 25° c

Da
(Da’)2

22.3
33.9
38.2

40.0
39.0
56.0

35.3
48..0
69.0

100.0
58.9
140.5

135.8
218.0
23.3

232.0
290.0

M!@

0.1705
.1121
.0993

.0950
,0975
.0679

.0539

.0396

.0551

.0380

.0325

.0270

.0280

.0174

.00804

.00819

.00655

.00128

0.1E!6
.1548
.1454

.1398

.1378

.1228

.MW6

.1039

.1020

@&

.0812

.0813

.0642

.041

.0454

.0378

.J?zt-

Cyllnder in al-r

25.4
25.4
25.5

26.7
25.2
25.5

26.7
25.6
25.2

25.2
25.8
25.3

23.6
27.2
25.1

26.1
26.5
25.0

10.20
10.20
10.15

9-Y
10.30
10.15 “

9.50
10.10
10.30

10.30
10.00
10.25

10.10
10.30
10.35

9.80
“9.60
10.40

0,1670
.1100
.0970

.0%8

.0965

.0562

.0493

.0384

.0546

.0376

.0313

.0266

.0272

.0172

.00800

.00772

.00605

.00128

319 x 10-~
210
185

165.6
184
126.3

94.0
73.3
104.3

71.7
59.8
50.7

51.9
32.8
15.3

14.7
lJ_.5
2.4

I .

Ratio of
Bquaxed

diameters,

J&_

(Da’)2

1.08
1.14
1,14

1..18
1.03
1.19

1.28
1.42
1.00

1.14
1.37
1.30

;.::

1:%

1.40
1.24
2.1

LV. 1.28
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WLBLEV.- REX OF AIR BUB~ TIEWOR F@ AVIA!CIOR120

(a)Velocityof risenearcamp. of cylinder

Each groupof datarepresentsa singlebubble,observedoverdifferent
intervals. llaelastbubblewas.timedh itBmovementacrossthe
fieldof the tel.escope~

Ratio of
calculated

Dietance Timi
Observed Sw.=ed

VelOci*, vi8coBiG, Veloci@ U-ter aiametem,
(cm) (See) v diameter, TerQ&We

v at 250c s-%
Da (Da’)2 ME

(Da’)2

Cylhder *r*d in vater

62.1 O.&u 0.1082 24.4 10.7’5 0.0633 121 x 10-4
y 59.6 .0637 .1.082

O:g
24.3

67.3
10.80 .o&52 126.5

.0755 .1063 24.+ 10.75 .053> 111..8 1.01

3.8 ~.6 .0530 .M08 24.3 10.8O .0550
1.9

105.0
33.1

J
.057 .1003

i
2 .3

.972
10.’70 .021 1.13.o .9@

3.8 IM.4 .03 , .c816 2 .3 lo.& .0351 67.0 1.CQ

7.6 267.0 .0285 .0798
t“

10.85 -e g.;
1.9 70,4 .0270 .0779 : .:
1.9 66.4 .O-a36

10.77 .W9 :::
.0760 24.4 10.75 .0296 %:5 1.03

~k~ lg6.o .ml .C@l 24.4 lo:g .0301
136.5 .0278

57.; : .9%
.0741

i
2 .3 .0s8 1.(Y3

3:8 13g.o .0273 .0722 2 .2 10.85 .028s z:; .954

3.8 lX.O .0253 .0722 24.3, 10.W .0263
3.8

50.2 1.03
1~.~ .0245 .0703 24.3 J-o.&l .@ 48.5

5.7 259.0
. 1.02

.OzM -0703 2L9 10-75 .0228 43.5 1.13

3.8 172.0 .OZZL .(%65 24.d 1o.75 .e 43.7
1.9

1.61
195.0 .W75 .0494 24.4 10.95 .0101 39.3 1.26

Av. 1.02

I
r .

!2
2J
w

.
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9!mIEv. -lu22oFmmomTm llKaXMERFUAVIETIW 120- Oonclvled

FmtiOof

Int.crvd ~
TiD3

C2mcrmo
Cdctlhtd

(md&.nd Vehity, Mametar, -&p- ,ViDmsia, :Jlc&q dialmtar

(Uec)
-bra,

v WJ-’=%
k (%’)2 Pill

(%’)2
Cyliaertiedhwwb r

mtaw
X:: g; “:% ------ a.9 11.05 0.0925 176.4x 10-4 O.ga.

OJ.273 U.05

;EJ ~lj

.*7 143.!j
U.03

;% E&
15I..6 M

50ta&l q.o U.LV
atop 33,0

1.I.5

:3
11.05

-ptaao 37.5 .l@
1.’27

e3:9 lJeo5 .!3537 1.02:6 I.ba
Qote30
~:: ~j :3

------ e3.k 11.35 ,J2&6
e3.k $.

.9?6
.-.-.. 31.35 .0?9 1.01
------ Q3.b lL35 .24

ptati 33.5 .@ e3.4 U..37 .0 m
&lta

c
41.6 ,C4% .@ 6

;::

45.b
Q3.J+ U.35

“:&l $:~
1.$1

Wtu KM-9 .Wo 23.4 U-.35 1.4

ta$ 2“:
mta .04% ------ 23.3 UA5

:% $::
~.9J3

E.p 54;6
.OW .“---- 29.3 ~.w
.03k? .Ww m.3 J.1.hy .W? G

mtoti. .o?&l ------ U.45 67:9
&t070 3:: 5:; :%

1.23
.W5 .091Q U.45 g:: 1.%

Totim 82.7 .Om ------ a.3 LI..45 1.73
am

i%
29.8 .O@ ------ 23.7 11.17 .0342 g.: 1.03

30ta .Cw Q3.7 11.1’f
boto%l

.03> 1.15
% :Z e3.7 SL.17 .0270

:EJ
j;

1.*
~tnti @9.5 .0a2 Q3.7 31.17 .Oa 1.40
Eclt.a’ro U?.o .Olw 23.7 IL17 .Oles 1.6+5
7ota80 IJ?l.1 23.7 11.17 .0163

R [g .Ui’22 23., ii:; ;W& ~.,

1.79
Wt.aw ------ 23.5 .0263 ;:; 1.04

i%:g
l.la

ptati R;
1.33

%g 2:? 5:2 .0177. Lx
&JtOo

L
155.6 :s Q.5 11.30 .0133 3:: 1,65

pti 169.2 .OJW .0665 23.7 3L30 .Oml 23.1 , 1.91
O.lgat37 16.2 .0U7 .0551 a9 .U.02 .032$ 23.6
.Ign-ku

1.29
16.9 .OLIQ .053Q a9 3L05 .OIJ.9 22.7 1.2,9

.3gatx U.7 .Ow .0532 21.05 20.6 l.m

.Igat&l 24.9 .m3 2:;
XJ ‘z&

3J.05 :%’?? ;.g
.lgat’lo 33.2 .UJ5W 11.05 .&09 %2
.19at.Bo 39.7 X&p 3.1.05 .00510 9.7 S:33

~oflo, thntti, lotu m, ~ b 1.9Cmtiwtem.
‘Q$9-’-

.



TABIEvl.- RISE OF~BUBBIZS mROImBARwEELLla

Ratioof
Calculated

(gq~m.) ;~l VelociQ,
v

“+~;, y%~- Vi=p, :1.OcJ~ :=; :2

(% ’)2
(Da’)2

Cyl.fnderjxm.ersedin water

2ot030 I&b O.loyl ------ 24.1 8.87 o.l@3 168 x 10-4 0.858
3ot040. 1.8.4 .1032 ------ 2k.1 8.87 .1090 163 .859
40+m60 36.3 .1046 .M 24.1 8.87 .IJJJ4 170
6ot07a

.846
19.2 .05’9Q ------ 24.I 8.87 ,1046 M& .-

7oti@a 19.o .lnm .Slw 24.1 8.87 .1057 .853

5ot060 19.6 -W@ .@o 2$.7 8,57 .0955 15J.8 .856

2oti30 21.O .090y ------ 24.7 . 8.55
40.0

.Oym 141.8 .917
W*% .0950 .ImO 24.7 8.55 .0965

3E.6
149.0 .872

5oto70 .0986 .Im2 24;7 8.55 .1003 3.54.5 .--p2
70 ti 80 20.8 .0914 ------ 24.7 8.55, : .0930 14.3.2 .W

3ot04a .O&g .Oy&l 24.~ .LWJ3 93.6 .@J1.4
40t0Xl 2:; .L%23 ------ 24.7 ::% .063k 97.6 .853
Xtia ;.; .!3625 .0912 24.7 8.55 .0636 *.O .833
6ota70 .m7 .@12 2k.7 8.55 .0@8 93.6 .W

2ot030 25.2 ,0754 ------ 24.7 8.55 .0765 U8 b.594
30 to 70 99.-7 -w& .0336

!
2 -7 8.35 :% $.: b:g

TotO&! Ego .05s5 -@w 2,-7 8.57 .

mtiw 37.8 .0503 ------ 22.1 9.95 .059> 91.6 .871
3oti40 37.7 ,*

------ 22.1 9.95 .0% 91.9 -w
~~@ ---- ------ .0393 ‘22.1
60ti70 40.6

9.95 ------ --------- -----
-ok% ------ 22.1 .Ofi 85.5 -@3

7oti80 hl,o .OW .CU374 22.1 ;:~ .Ow 8+.6 .902

‘Intervalof M),that18, 10 ta EO, Con-eqonda iw 1.W centimeters.
%m9e fisuI=s not wed in mqputimg m.rrbge. =z=-

.
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WVI.-RIRBOFAIR~~ MRcmmLLY.20-Cmlcmlllti

&ch grcnq of data reprenautm . BIWLY bubble, obmrvwl
Dvei-difrermvt Intcu-mls.]

Cylicder *rind inwater

2ota30
4otiw
!iotam
&lt070
TO +a 80

20 m 30
3oti40
4otQ50
mt969
&ltovil
Totoao

3ot040
4otay3
mta60
bta~o
7ote L?J3

QotaN
3ot040
1%’mp
7ota80

‘aJte30
3oto40
iota%
%+JQ60
6ota’lo
70+W80

45.0
46.E
hT.3

-%:

2:;
66.2
67.1
70.4
71.1

%.8
79.0
00.8
83.0
86.3

5Q.8
93.7
104.o
M&k

look
@.b
lti.o
l@ ,8
Ug.k
123.0

0.0422
.0411
.0402
.0390
.037?

.Om

.0%

.o&7

.0203

.0270

.0267

.Cd@

.0240

.023s

.CQ24

.022Q

.0210

.0203

.o183

.0175

.Olag

.OleQ

.0179

.01.73

.ol~

.03.54

o.o’@

:%
.0741
.O-i=

------
.0665
.0646
.0646
.0626
.O%$l

.0599

.Om

.Ono

.mil

.0551

------
------
.0514
------

---..-

24.1
!?b.1
24.1
24.1
24.1

2:;
2h.1
f?k.1
94.1
2L2

24.0
24.o
24.0
24.o
24.0

23.7
23.i
g.;

24.2
24.2
24.2
2b.2
24.2
2L2

8.87
8,87
8.87
8,87
8,8T

;:~
8:67
.9.87
8.81

8.97
8.95
8,9?
8.99
8.95

9.10
9.10
9.10
9.10

8.00
8.80
a.m
8,m
8.8u
8.80

0.04W
.0439
.042s
.0412
.0393

.03U

.03J5

.@33

.0239

.0s5

.0282

.0264
,02!%
.02Xl
.0239
.0234

.0228

.0220

.U@

.Ow

.02w

.Olw

.O*

.03.83

.Olsa

.o163

69.4x 10-4
67.9
65.5
63.9
61.4

40.6
42.1
“41.1
39.3
%.0

35.2
33.9
W.7
*.3

:::
29.1
23.2
25.9
25.2

0.833
.899
.E32
.656
..%@

v. 0.879

eIntOrvalof 10, thatin,10 ta 73),,comeqxmdato 1.90cmti=tcrs.



Intel-ml .
(ed&md

3otQ4J
k-otow

%%?
7ot080

Wtam
6mta70
-iOtom

3ot040
40tu%J
50*60
6otc.70
D*6O

ptakf
J@tem
5ota60
&Jk170
‘fot080

32te@
Jlopm
50t.0&2
60 to 70
7ote80

Total?a

m8rsvII. -ru2EoF mEuEaIEElmom AERcc3E21Lla3ccmnImmu

o.l Fmmlmlw comrmJFLulD’rm m

[kh @q of data repre~a a oiwle bubble, obwerved
aver differm~ Inttrmls.]

t

2J+.6
24.7
S.o
26.3
30.0

5g.1
60.8
62.7

::!
g.f

45:0

6e.o
66.2
68.2
73.1
77.4

70.8
73.k
75.6

22

gs.o

0.0772
.m
. o@
.072?
.c634

,03J
.OW.
.OW?

.0470

.d18e

.04

$

. .

.0406

:.%!
.07a%
.0246

Cylinder -rsed in water

------
0.1235
---_.-
------
.U97

.W5Q

.W9J

.Em

.c912

------
.0722
.Oti
.0722

------
------
,0703
.m3
.0703

.*

$::
25.2

27.3
3.3

23.3

*rm3 of 10, thatis,10 t9 20, wn-e~c b 1.9 Cenwmetam.

8.37 O.o’i-lo
8.3I
8.37

.m

.07%
8.37
8.37 :%

8.9 .0317
8.30 .0W9
8.30 J3u3

J..I8.8X 10-4
118.2
1.36.9

48.8

m 2,
73.0
7L.5
6a.q
64.or

*.5

::$
1:33
1.47

1.85
I,go
1.90

1.2-7
1.2k
1.16
1.22
1.30

1.1.1
1.19
1.10

::3

l.lg
1.23
1.2’7
1.33
1.37

1.3k

AT.1.35

*


